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Abstract: Two-photon absorption, free-carrier absorption and dispersion, and thermo-optic dispersion in
high-Q, ultra-small mode volume, photonic crystal cavities are studied experimentally. Sub-nanosecond
free-carrier lifetimes, and optical bistablity at - 100uW cavity input power are observed.
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Resonant microresonators formed in planar photonic crystals are capable of confining light to ultra-small mode vol-
umes for long cavity photon lifetimes[l, 2], resulting in extremely large stored electromagnetic energy densities for
modest input power. It has been anticipated [3, 4] that this local field enhancement will allow nonlinear optical effects
in photonic crystal (PC) cavities to be observable at mW input powers. Recently, optical bistability in silicon ring
resonators was used to demonstrate all-optical on-chip functionality [5, 6]. The increased field enhancement achiev-
able in photonic crystal mirocavities promises to allow equivalent functionality to be demonstrated at lower input
powers, and the sub-wavelength size of PC cavities suggests that they may support faster switching speeds. Siinilarily,
PC cavities can support coherent interaction between a single emitter, for example a quantum dot [7, 8] or a cold ce-
sium atom [9]. and a single intracavity photon, and promise the realization of on-chip cavity quantum electrodynamics
experiments in the strong coupling regime. Here we investigate the nonlinear optical response of a high-Q PC cavity
formed in silicon. We observe optical bistability for 100uW dropped cavity power, and predict sub-nanosecond free
carrier lifetimes in the PC cavity. These measurements are enabled by an efficient fiber taper to PC cavity evanescent
coupling channel [10], which is also of general use for studying, for example, future applications of PC cavities in
quantum optics, where photon collection is an important measure of device performance.
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Fig. 1. (a) SEM image of an integrated PC waveguide - PC cavity sample. The PC cavity and PC waveguide have lattice
constants A -430 nnl, A., 430 nm, and A. '-. 550 nm. The surrounding silicon miaterial has been removed to form a
diagonal trench and isolated mesa structure to enable fiber taper probing. (b) Schemiatic of the fiber taper - PC waveguide -
PC cavity coupling scheme.
The photonic crystal structure studied here is shown in Fig. 1(a), and consists of a graded lattice PC cavity [2]
integrated with a mode matched PC waveguide [11]. The waveguide is designed to ideally load the cavity; the high-Q
cavity mode of interest radiates preferentially into the fundamental guided tmode of the PC waveguide. In addition, the
waveguide can be evanescently coupled with close to unity efficiency [121 to a fiber taper [13], as illustrated in Fig.
1(b). Light is coupled contra-directionally from the fiber taper into the PC waveguide, and light reflected or radiated
by the cavity into the PC waveguide is collected in the backwards propagating fiber taper mode. By studying ligYht
which is coupled from the fiber taper into the PC waveguide, reflected by the cavity, and recollected in the backward
propagating fiber taper mode, the response of the PC cavity can be measured. Thus, the resulting fiber taper coupled
PC waveguide provides an efficient interface between the ultra-small cavity mode and conventional fiber optics.
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Using this technique, a total coupling efficiency of 44% into a PC cavity mode with a loaded quality factor of
3.8 x 104 from a fiber taper was achieved [10]. Figure 2 shows the resulting cavity response, R0, as a function of
wavelength, for varying power. Ro was obtained by measuring the reflected fiber signal in a - 1 urm diameter fiber
taper aligned - 800 nm above the PC waveguide in Fig. l(a), and is normalized by the slowly varying fiber-PC
waveguide coupler lineshape. The PC waveguide to taper coupling efficiency was - 73% in this wavelength range for
the device studied here. The sharp dip in reflection, at X 1589.7 nm, corresponds to resonant excitation of the high-Q
PC cavity mode. The cold cavity (low power) linewidth of this resonance is SX - 40 pm, and the cold cavity resonance
contrast, AR, is 60%.
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Fig. 2. Measured cavity response as a function of input wavelength, for varying PC waveguide power (taper diameter d I
,um. taper height g = 0.80 um). The source wavelength is scanned from blue to red in all of the measurements.
To study the nonlinear response of the cavity, the power input to the fiber taper, and consequently the PC waveg-
uide, was varied. Increasing the power results in three readily observable changes in RJ: (i) a decrease in the resonance
contrast, AR0, (ii) a shift Aco0 in the resonance frequency xo, (iii) broadening and asymmetric distortion of the reso-
nance lineshape, eventually leading to a "snap" in the transmission response characteristic of bistability. As discussed
below, these features are due to nonlinear absorption and dispersion in the PC cavity.
The resonance contrast is a measure of the degree of coupling between the cavity and the waveguide, and can be
expressed in terms of the intrinsic loss rate of the cavity (due to radiation and absorption for example), y, and the
loss rate due to loading from the waveguide, ye. In the presence of nonlinear loss, such as two photon and free carrier
absorption, y' increases with increasing stored cavity energy, and the coupling parameter, K = y(/', decreases. For
K < 1 (under-coupled), this results in a decrease in AR, with increasing power, as observed in Fig. 2.
The power dependence of the resonance frequency of the cavity is a result of an intensity dependent cavity re-
fractive index. The Kerr effect, free carrier dispersion, and thermo-optic dispersion, all contribute to shift the material
index as the stored cavity energy is increased. The power dependent resonance frequency also gives rises to the asym-
metry in the cavity lineshape for increased power, and for a shift IAoOl > &ocV/2, where &o is the cavity linewidth,
the cavity response is bistable. This bistable response manisfests in a discontinuous "snap" in Ro? when the source
wavelength is scanned through the resonance, as shown in Fig. 2 (wavelength is varried from blue to red here). When
the source wavelength is scanned in the opposite direction, the cavity response is hysteretic; i.e. the snap occurs at a
different (blue shifted) wavelength.
Fig. 3(a) shows the power dropped into the cavity as a function of the power in the PC waveguide, and Fig. 3(b)
shows the shift in the resonance wavelength, AX0, as a function of stored cavity energy U. Note that for U > 3 fJ,
corresponding to a dropped cavity power of > 100 ,uW, and a fiber taper input power of > 250,uW, AXO > v+3X/2 -
35 pm, and the cavity response is bistable. Also, for U < 0.34 fJ, the resonance wavelength blue-shifts with increasing
power, indicating that free carrier dispersion is the dominant dispersive process for low cavity energy [14]. For larger
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Fig. 3. (a) Power dropped (Pd) into the cavity as a function of power in the PC waveguide (Pi). The dashed line shows the
expected result in absence of nonlinear cavity loss. (b) Resonance wavelength shift as a function of intemal cavity energy.
Solid blue lines in both figures show simulated results.
power, thermal effects driven by absorption from free carriers, which are generated by two photon absorption, cause
the cavity resonance to red-shift. Fits to this data, derived from a model [ 15] which considers the effects of two photon
absorption, free carrier absorption and dispersion, and thenno-optic dispersion (heating) in the PC cavity, are also
shown. The free carrier lifetime X is a free parameter in these fits, and was found to decrease significantly with free
carrier density. For cavity power - I mW, - 0.5 ns, is predicted; for low cavity power, X 50-75 ns. These values
are significantly smaller than typical bulk lifetimes in silicon, due to the large surface area to volume ratio and the
ultra-small mode volume characteristic of the PC cavity [16].
These results confirm that PC microresonators display highly nonlinear behaviour for low input powers, and are
promising structures for future application in nonlinear optical switching. In addition, they demonstrate the utility of
the fiber taper coupling scheme for performing experiments in PC cavities when optical fidelity is important.
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